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ABSTRACT

This thesis describes a series of numerical experiments dealing with rotor/stator interactions
in hydroturbines. The means of analysis was a nonconforming sliding spectral element
method for the unsteady, incompressible Navier-Stokes equations in two-dimensional

geometry [2]. The variable parameter in the simulation was the rotor advance coefficient.
A comparison of lifting forces, flow rate, dissipation and kinetic energy was conducted for
the various test cases. Robustness of the numerical discretizations was demonstrated by
the consistency of the computed results. The divergence, vorticity and streamlines
generated during postprocessing were in strong agreement with hydrodynamic theory.

A step-by-step procedure is presented for manipulating the working environment--the
discrete spectral element control volume--around the rotor/stator pair. The selection criteria
for the input parameters and boundary conditions is developed.
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Chapter 1

Introduction

Great sums of money are spent annually in researching the design of aircraft,

turbine engines, propellers, submarine hulls and other shapes that move through fluids [6].

During the past few years, considerable progress has been made in the numerical

simulation of physical fluid flow phenomena. In particular, the accurate simulation of

unsteady, two- and three-dimensional, viscous flows has been achieved in a variety of

geometries. One problem of interest to both science and industry is the improvement of the

efficiency of the hydroturbine. Numerical flow analysis is essential in order to properly

conduct this evaluation. The hydroturbine is typically modeled as an infinite series of

rotor/stator pairs. Figure 1 is an illustration of an axial-flow machine with rotor/stator

pairs.

Stator Rotor Stator Rotor Stator Rotor

Ro

Ri

--Centerline

Figure 1: Diagrammatic sketch of an axial-flow machine (turbine or compressor)
[191.
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Each stage of a typical axial-flow hydroturbine consists of a row of stator blades (or

foils) and a row of rotor blades. The stator blade, which remains stationary as its name

implies, serves to optimally direct the flow onto the rotating rotor blade in order to attain the

highest possible efficiency from each stage of the hydroturbine. The flow through the

successive stages of an axial flow hydroturbine is unsteady due to the interaction of the

rotor/stator pairs. Difficult side effects such as wakes, vortices and unsteady surface

loading on the blades inherently occur. The resulting unsteady loading, or pressure, causes

the rotor blade to experience fluctuations in lift and drag. This has a direct impact on the

efficiency of the turbomachine, as well as structural and noise implications [121.

The two-dimensional analysis of rotor and stator blades that are spaced far enough

apart such that the interaction effects are minimal is a fairly uncomplicated task. This

problem essentially becomes a simple cascade model that isolates the rotor blades, or the

stator blades, as a single infinite row of airfoils. This concept, however, defeats the basic

purpose of having rotor/stator pairs. The stator should serve to direct the flow onto the

rotor in such a way as to optimize the efficiency of the hydroturbine. The axial spacing

between the rotor/stator pair is critical to the design of such a machine. The size constraints

of the machine limit the upper bound of the rotor/stator spacing while efficiency

considerations limit the lower bound. As the axial gap between blade rows becomes small,

the interaction effects are heightened. Blade rows that are very close together, i.e., less that

30% of chord length, tend to cause the flow to become periodically unsteady. When the

rotor and stator blades are close enough together such that the interaction effects are

important, the rotor/stator pair must be handled as a single system [16].

In general terms, the primary function of turbomachines, of which the turbine and

the compressor are the two most widely known, is to change the energy level of the

flowing medium. The compressor increases the fluid pressure and, as a result, adds
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energy to the flow. The turbine, conversely, lowers the fluid pressure and removes energy

from the flow. A simple way to look at them is to state that the compressor puts work into

the system and the turbine takes work out. There are two basic classes of turbomachines:

radial flow and axial flow. In the radial flow machine, the flow moves in a radial direction

around the machine's axis of rotation. In the axial flow machine, the fluid flows in a

direction that is parallel to the axis of rotation. All turbomachines have a rotor, also

referred to as an impeller, which is the component that does the work on the fluid; the stator

serves to guide the flow into or away from the rotor. The fluid flow through the system is

continuous [19].

1.1 Turbomachinery Theory

Fluid flow in a turbomachine is highly complex. The motion of the rotor blades has

a direct impact on the fluid flow. Whether the fluid does work on the rotor blades or the

rotor blades perform work on the fluid, forces are generated on the blades. If we let F

represent the force on the rotor blade, a corresponding torque, T, is developed. Several

fundamental laws of science are necessary to explain the fluid flow in a turbomachine.

Newton's 2nd law of motion states that:

F = ma =.-(mV)
dt .(1. 1)

In this problem, the torque developed by the force, F, is represented by the cross

product of the force and the radius vector, r, at which the force acts upon the blade. The

magnitude of r is measured radially from the axis of rotation in the spanwise direction of

the blade. The torque, T, is calculated as follows:

T = r x F (1.2)
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The above equation represents the torque due to a force acting at some distance, r,

along the span of the rotor blade. Relating linear momentum, mV, to angular momentum,

H, we can directly show, using Newton's 2nd law, that torque is developed due to the time

rate of change of the angular momentum [19] :

T=dH
dt (1.3)

In solving fluid flow problems in which the flow is both viscous and

incompressible, as is the case for a hydroturbine, the most important equation to be

addressed is the Navier-Stokes equation.

The Navier-Stokes equation is given as:

DV = -V - 1Vp + vV 2V
Dt p (1.4)

The key terms in the Navier-Stokes are defined as follows:

V is the velocity vector that provides the magnitude and direction of the

fluid velocity.

DV
Dt is the material (or substantive) acceleration. It follows the fluid particle

and shows how the velocity changes over time.

Q is the potential for gravitational force. f = g and Vf = -gk

P is the fluid density. Density is defined as the mass per unit volume and it

is a function of temperature and pressure. For an incompressible fluid,

(1.5)

Vp is the pressure gradient. It gives the change in pressure, which is the

force per unit area, with respect to the fluid location.

v is the kinematic viscosity of the fluid. It is the ratio of the absolute
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viscosity, gt, to the density. Viscosity, in general, is a measure of the

resistance to the sliding motion of one fluid layer over another [19].

V V is the Laplacian of the velocity vector. The Laplace operator is

defined as:

2 a
a 2 X 2 yJ (1.6)

Thus, the Navier-Stokes equation in the x-direction becomes:

au +au +au (a2u +a2 u g
& G y Px - \XaX2 ay 2J (1.7)

The Navier-Stokes equation is the equation of motion for a viscous fluid. It is the

solution of the Navik-;-Stokes equation that describes the velocity of a specific particle of

fluid at an exact position in time. With these results in hand, the forces acting on an

element of the fluid, or in this case, the forces acting on the rotor blade as a result of the

fluid motion, can then be calculated.

1.2 Axial Flow Machines

Axial flow machines come in many shapes and sizes, and serve a wide variety of

purposes. An elementary example of an axial flow machine is the propeller. The propeller

serves as the rotor. Stator blades are not normally included and the flow is generally

unconfined. The propeller is an example of a machine that does work on the fluid. The

axial flow hydroturbine, conversely, removes work from the fluid. Fluid flows into the

machine (or system) at a certain velocity. The fluid enters the stages of the hydroturbine in

succession. Each stage consists of a rotor and a stator. The rotor/stator each have a certain

10



number of blades, and for water turbines this is usually anywhere from 3 to 30 [21]. As

stated earlier, the stator serves to increase the velocity of the flow and to redirect the fluid

into the rotor in such a way as to enhance the overall efficiency of the machine. The

extracted energy is harnessed into mechanical work output by way of the machine's

rotating shaft [ 19].

11



Chapter 2

Computational Fluid Dynamics
Algorithm

The purpose of this thesis is to conduct an analysis of rotor/stator interactions in a

hydroturbine. The means of analysis will be a computational algorithm for direct

simulation of the unsteady, Navier-Stokes equations in two-dimensional geometry.

Robustness of the numerical discretizations will be demonstrated by the consistency of

computed results. A comparison of lifting force, flow rate, dissipatien, energy balance,

divergence, vorticity and streamlines will be conducted for various twst cases.

2.1 Computational Fluid Dynamics

Computational fluid dynamics, referred to as CFD, is a rapidly developing science.

Many extremely complex problems, that would previously have been impossible to solve

before the evolution of CFD, are now relatively straightforward in nature.

Three basic principles govern the physical side of fluid flow analysis. One

principle is that mass is conserved. Another is Newton's 2nd law of motion, which states

that force equals mass times acceleration, or that momentum is conserved. And the third is

that energy is conserved. In analyzing a fluid flow problem, these three principles are

usually represented by partial differential equations. CFD is the science in which these

equations are replaced by "numbers" that are advanced in space or time, or both. These

advancing numbers depict a numerical solution that describes what is happening in the

flowfield [3].
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As a problem solving technique, CFD would never have gotten off the ground

without the development of the high-speed super-computer. Typical problems, similar to

the one addressed in this thesis, that contain on the order of 103 degrees of freedom, may

require millions of calculations before a steady-state solution is obtained. Consequently,

CFD has been one of the primary driving forces behind the rapid growth of the super-

computer industry, and vice versa. In situations where an analytical solution would

otherwise be unfeasible, or even impossible, CFD has made numerical solutions a reality.

CFD has also reduced the need for conducting expensive physical fluid flow

experiments in wind and water tunnels. Aircraft, wing sections, hydrofoils, and propellers

can now be modeled on computers and the desired experimental data can be obtained at a

lower cost. Historically, there has been a high degree of accuracy when CFD results are

compared to physical data obtained from a wind/water tunnel experiment, although many

problems persist--most notably, turbulence. This confidence aspect of using CFD cannot

be overemphasized [3].

The CFD model is the computer program, or algorithm, developed for a particular

type of fluid flow problem. It is imperative that the CFD model contains all of the physical

principles necessary to prevent any gross assumptions or violations of science that could

result in false data.

2.2 The Algorithm

The computational algorithm used in this thesis was developed by Anagnostou [2]

and was based on the need for such a tool in both science and industry. It provides an

13



original method of nonconforming discretizations for the unsteady, incompressible Navier-

Stokes equations.

Modeling any fluid flow problem is a nontrivial task. The actual visualization of

fluid in motion is seldom a clear cut process. The simulation of the rotor/stator interaction

in axial flow hydromachinery is an excellent vehicle for demonstrating the utility of

nonconforming spectral element discretizations in the analysis of fluid flow. With respect

to the rotor/stator problem examined here, the computational domain, also referred to as the

control volume, is a two-dimensional rectangle. It is divided into two square subdomains:

one for the stator blade and one for the rotor blade. Each subdomain is further divided into

an appropriate number of macro-elements. Figure 2 illustrates this concept.

7 12 11 10 9 4 23 28 27 26 25 20

8 13 11516 3 24 29 30 31 32 19

7 1 2 17 18

Figure 2: Domain decomposition for the rotor/stator spectral element
discretization.

Theoretically, there exist no geometric restrictions on adjoining elements for

coincidence of edges or comers. This property of nonconformance is at the heart of the

nonconforming spectral element discretization method of computational fluid dynamics.

The algorithm also allows for the decoupling of the subdomains, which permits the
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modeling of sliding grids. Nonstationary geometries can thus be analyzed free of mesh

distortion and great amounts of interpolation [2].

From a computational fluid dynamics perspective, Anagnostou's algorithm [2] is a

first attempt at solving high order discretizations for the unsteady, incompressible Navier-

Stokes equations. Dr. Man Mohan Rai, of the NASA Ames Research Center, has

performed outstanding work in the analysis of compressible flows associated with

rotor/stator configurations in turbomachinery using patched and overlaid grids [16, 17,

18]. An inherent limiting factor in the Anagnostou's algorithm is that the maximum

allowable value for the Reynolds number is approximately 600. The algorithm is limited to

low Reynolds number solutions due to both physical and financial reasons. In actual

turbomachinery, the Reynolds number is often on the order of 10- or higher and the flow is

generally in the turbulent domain. Fluid flow problems with high Reynolds numbers

require much greater resolution because of the wider range of length scales. Length scales

are defined as the various structures in the flow field, such as eddies, which become

important at high Reynolds numbers. The greater resolution, in turn, requires much more

computer memory and processing time. Considering the computers, finances and time

available during the development of this algorithm, the use of higher Reynolds numbers

was not a feasible option within the scope of the current research. One altemative to using

low Reynolds numbers would have been to throw out the direct simulation and use a

turbulence model.

2.3 Equations

In solving fluid flow problems in which the flow is both viscous and

incompressible, the important equations to be addressed are the Navier-Stokes and

continuity equations.
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The Navier-Stokes equation:

DV = -Va -IVp + vV 2V
Dt p (2.1)

x-direction:

au-+ u--+ V - = +V+ + g

at aX Oly P ax O AX 2  ay 2

(2.2)

The continuity equation:

V.V = 0 (2.3)

The algorithm employed here solves the Navier-Stokes equation, with a time-

advancement approach, using the fractional step method. It also satisfies conservation of

mass as represented by the continuity equation. Both pressure and velocity have the same

approximation space. As stated previously, the Reynolds number is limited to about 600,

representing a relatively slow, laminar flow.

A key portion of the algorithm is the code which computes forces, power, flow

rate, dissipation and kinetic energy. The basic geometric configuration for modeling a

rotor/stator machine assumes that there are an infinite number of rotor and stator

combinations in sequence in the axial (x-) direction. Given that the control volume

surrounding the rotor/stator has an axial length of 2L, the average pressure drop over a

rotor/stator pair is represented by:

d-. 2L

dx (2.4)

This pressure head drives the flow in the axial direction. The characteristic velocity

of the main flow ,Uo , was derived using equation (2.4), in combination with Bernoulli's

equation. The constant "W" was set to be one periodic length in the transverse or y-

direction. The characteristic velocity was determined to be:
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Uo-
P (2.5)

The equation of motion for the rotor blade was developed very simply. The

direction of lift was selected as the y-direction, and, given that the angular velocity of the

rotor blade is equal to 0r , the equation of motion for the rotor blade is:

dy =
dt (2.6)

Furthermore, letting the number of blade passages in a single revolution of the rotor

equal N, the following relationships were derived:

W-=2_r r=NW dy_-,NW
N 2nr dt 2nr (2.7)

Due to the "no slip" condition on the blade surface, this form of the derivative of y

with respect to time is the boundary condition for the fluid velocity. By nondimensional-

izing this derivative using the characteristic velocity of the main flow, Uo, the rotor advance

coefficient is designated as A:

A = (OW - dy*
2nUo dt* (2.8)

Within the algorithm, the forces on the rotor blade are calculated by integrating the

stress tensor around the two-dimensional foil section. Both pressure and shearing forces

determine the resultant force vector. The algorithm was recently modified to enable both

lift and drag to be presented as output of the code. The components of the force vector, F,

are defined as [2]:

F i - P~ ij + RI-

Re a(2.9)
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The nondimensionalized form of Fi is:

* - F_ - j~ *+ I __j

p U2W R
(2.10)

The useful power out, P, due to the lifting force on the rotor blade is defined as [21:

P=Aitor (F j)ds
Jrotor(2.11)

The nondimensionalized form of P is:

____

Note: The torque, T, is defined as:

T=fFydr and T*= T

0U W). (2.13)

The flow rate, Q, across any vertical plane is defined as [21:

w

Q= u (x =0, y)dy
Jo (2.14)

The nondimensionalized form of Q is:

Q*Qu*dy *

UO w - .f(2.15)

The dissipation, D , which represents losses--to include non-useful work and

power consumption--is defined as [2]:

18



Rei~ j t~UDxdy (2.16)

The energy balance equation for the rotor/stator problem is given as [2]:

dK. E.) P'-(D+21,Q
dt W . (2.17)

The above quantities may be readily compared to classical hydroturbmne parameters.
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Chapter 3

Working Environment

The working environment for the rotor/stator spectral element discretization is

developed using the Nektonics preprocessor. Once the blade section has been chosen, the

initial focus of the problem is to generate the rectangular control volume that was discussed

in chapter 2. Great care must be taken in the early planning stages to insure that later work

progresses in a timely fashion.

An overview of the steps involved in performing a complete simulation is given

schematically in Figure 3 on the next page.
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Nektonics
Preprocessor

<test.rea> j Modify the
<user-fcns.c>

Modify the Compile with all
<testrea>other Source CodeJ

Copy of Modifie Modified Simula Executable

<test.rea> I. <test.rea> & <airfoi I.dat>IzizF 1111
Rename to Run Simula

<FXM2.rea>

Modifyv Simula Output:
<FXM2.rea> <st.fld> & <test.iqt>

[Copy <test.fld>
to <FXM2.fld>

bI Nektonics
[Postprocessor

<FXM2.plt>
(plots)

Figure 3: Schematic of a complete pre- and postprocessing simulation.
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3.1 Choosing the Number of Elements

The first important consideration is the number of elements desired in the overall

mesh. Several rules of thumb, with specific emphasis on fluid flow problems, are

extremely valuable when developing any finite element mesh. Blade geometry versus

hydrodynamics makes the selection of elements very difficult. With fluid flowing across

the stator and rotor blades, the fluid boundary layers adjacent to the upper and lower

surfaces of the blades are especially vulnerable to fluctuations in velocity and pressure.

The requirement for good definition calls for a relatively high number of elements along

these surfaces. A shortage of elements would allow for a much less accurate numerical

solution of the flow.

Two additional critical locations are the leading and trailing edges of the blades. At

the leading edge, the streamlines and vorticity of the flow undergo rapid changes. At the

trailing edge, the possible influence of flow separation, vortex shedding and wake effects

must be considered. The divergence for an incompressible flow is zero everywhere. All of

these phenomena dictate the need for enhanced element definition at the leading and trailing

edges of the rotor/stator blades.

Another important consideration is that all of the elements in this particular problem

must be four-sided elements. This is required by the algorithm. Additionally, the ideal

situation is for each element to have four comers with right angles (900). This can be an

extremely challenging requirement when working around the curved surfaces of airfoil

shapes. Special care must be taken at the leading edge where the slope of the blade goes to

infinity.

For the purposes of this thesis, a 32 element mesh was chosen. In reference to the

rotor/stator pair, this equates to 16 elements in the square subdomain around each blade.
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This is not an optimum mesh in terms of resolution; however, it satisfies the immediate

requirements at this stage of the research. The mesh used for the rotor/stator problem is

shown in figure 2 (see chapter 2).

3.2 Preprocessing

This section provides detailed guidance for the interface between the user and the

Nektonics preprocessor. This is the stage in which the problem is defined by setting the

parameters to identify the specific initial conditions and by generating the spectral element

mesh. The user must have an account established with the computers, "andrei"--a Stardent

3000--and "perq"--a DECstation 3100, located in the MIT fluid mechanics laboratory.

Remote connections from Project Athena color vax stations are possible. The only

requirement is that the hostname of the Athena terminal is included in the .path file of the

"andrei" system. The actual pre- and post-processing are done in the "perq" environment,

from which the user changes directories to his "andrei" account before starting the pre- or

post-processing session.

Upon logging in to a remote Athena terminal, the user types the following

commands in an xterm window to enter the "andrei" system:

>> xhost andrei

>> rlogin andrei -1 (usemame)

password: (enter andrei password)

andrei% setenv DISPLAY (hostname):0.0

From a new xterm window, the user accesses the "perq" system with the following

commands:
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xhost +

>> telnet perq

usemame: (enter andrei usemame)

password: (enter andrei password)

perq% setenv DISPLAY (hostname):O.O

perq% cd /a/(usemame)/(directory)

perq% prex &

3.2.1 Beginning a Session

The last command--prex &--will initiate the Nektonics preprocessor. Three new

windows will be generated by this command. The preprocessor will prompt the user with

the following request:

ENTER SESSION NAME

The user should choose whatever name he so desires; e.g.,

test

All remaining requests appear in menu style format.

The next request is:

READ PARAMETER

TYPE IN NEW PARAMETERS

READ PREVIOUS PARAMETERS

The user is given two choices for parameter selection for a specific problem. The

first choice, to type in new parameters, is used when a new problem is being developed or
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when an existing problem is going to solved again, but with different parameters. For the

purposes of this tutorial, the user selects the first option: "type in new parameters".

Selections are made by clicking the left mouse button.

Upon making the above selection, a new menu appears.

EOUATION TYPE

ACCEPT CURRENT SWITCHES

(A list of options is presented here).

There are two possible settings: "Y" for yes (activate) and "N" for no (do not

activate). The computational algorithm drives the selection of the following options:

(Note: the user must toggle a "Y" after each term.)

2D, UNSTEADY, FLUID FLOW, ADVECTION, SPLIT FORMULATION.

These options identify the problem as a two-dimensional, unsteady, fluid flow

analysis. The advection term identifies with the Navier-Stokes (N-S) equation, while the

split formulation relates to the solution of the N-S equation. All remaining parameters

should be set to "N". Again, it is the computational algorithm that has specified the

category of problem to be solved. The preprocessor must be formatted to meet the

requirements of the algorithm. After selecting the correct options, the user should click on

the menu item that reads:

ACCEPT CURRENT SWITCHES.
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3.2.2 Setting Parameters

A new menu appears in the following format:

CHARACTERISTICS

ACCEPT CURRENT SWITCHES

CHARACTERISTICS

For the second time, the user should select the "select current switches" option.

The preprocessor will now query the user for the parameters of the current problem. The

following list of parameters appears with a default numerical value given after each item:

VISCOS: 1.000000e+00

NORDER: 5.000000e+00

TORDER: 1.000000e+00

DENSITY: 1.000000e+00

FINTIME: 0.000000e+00

NSTEPS: 10.00000e+00

DT: 0.001000e+00

IOTIME: 0.000000e+00

GRID: 0.500000e-01

TOLREL 0.100000e-01

TOLABS: 0.100000e-01

COURANT: 0.250000e+00

These parameters are extremely important for purposes of defining the fluid flow

problem. The VISCOS term represents the inverse of the Reynolds number. If, for

example, the user set the numerical value to be 0.0025, then the Reynolds number for the
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problem would be 1/0.0025, or 400. As stated in an earlier chapter, the "upper limit" for

the Reynolds number, as applied to this algorithm and mesh, is roughly 600.

The NORDER term is the key to resolution for the spectral element mesh that is

going to be built. A value of 5 equates to a 5x5 grid within each element. The algorithm

would solve the Navier-Stokes equation twenty-five times per element.

The NSTEPS is the number of time steps over which the problem will be solved.

The proper value is arrived by trial and error. The goal is to have sufficient time steps such

that periodicity of results, or steady-state, will be reached. Also, in concert with DT, each

time step should be small enough to satisfy stability and convergence conditions.

As a subset of the NSTEPS, the IOSTEP term represents the number of time steps

at which the output data is "dumped" to an output file. Very simply, if NSTEPS is set at

10,000 and IOSTEP is set at 1,000, then the output data will be dumped after each 1,000

time steps for a total of 10 dumps. (The output data will be described below). Also, if

NORDER is set at 5, as discussed above, then the output file will provide twenty-five

solutions (rows of data) per element.

The DT term is the size of the time step. It is given in nondimensional time and is

generally very small. If DT is too large, the results of the problem will inherently show a

lack of resolution. A value on the order of 10-3 is fairly safe for this particular problem.

3.2.3 Building the Mesh

After the parameters are accepted, the next menu to appear will provide the tools to

initialize the environment for physically building the mesh. The following menu appears:
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CENTRAL

ALTER PARAMETERS

SHOW PARAMETERS
BUILD INTERACTIVELY

BUILD FROM FILE

IMPORT UNIVERSAL FILE

IMPORT BFC CASE FILE

ABORT (SAVING PARAMETERS)

If the user is defining a new mesh, select "build interactively". The "build from

file" option is for reading-in a previously built mesh.

The next menu to be displayed is for setting the scale factors that define the interface

between the user and the drawing window. This menu provides several options. The

header and the key option are:

SCALE FACT0R

ACCEPT SCALE FACTORS

MOUSE

TYPE

USE NORMALIZED

Select the "mouse" option. The preprocessor will query the user to push the

leftmost mouse button at 2 different x-(horizontal) locations and to choose a value for the x-

length. The user has many alternatives and should use whatever works best for a particular

situation. For this thesis, the two x-locations were set at 4 grid squares apart in the

drawing window. An x-length of 0.5 was chosen. Thus, 4 grid squares are equivalent to

a scaled length of 0.5, or 8 grid squares equal a scaled length of 1.0. The preprocessor

will now repeat the queries for the y-direction. It is recommended that the same selections

be made, only from the standpoint of being consistent. Nekton will now request that the

user push the leftmost mouse button at a known point in the, as yet, empty grid of the
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drawing window. This sets a point of reference for the preprocessor. A good choice for

the rotor/stator problem is to select a point that is centered in the x-direction and that is

slightly below center in the y-direction. The user must now enter the (x,y) coordinates of

this known point. For simplicity purposes, it is recommended that this known point be

initialized as the origin of the potential mesh with coordinates of (0,0). Once this point has

been set, the user should return to the "scale factor" menu and select the "accept scale

factors" option. Figure 4, on the next page, is a diagram of a preprocessing window with

the scale factors and the known point set.
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Figure 4: A version of the 20x20 grid in the Nekton preprocessor. The two scale
x-and y-locations--which are arbitrary--are 4 grid squares apart. The scale length
has been set such that 4 grid squares are equal to a length of 0.5. The intersection
of the two bold lines represents the location of the known point, which has been set
to be the origin.

The mesh generating "build" menu will come up on the screen. It reads as follows:

BUILD

ACCEPT MESH

ADD ELEMENT

MODIFY ELEMENT

GLOBAL REFINE

CURVE SIDES

DELETE ELEMENT
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SET GRID

REDRAW MESH

The user is now at that stage where the control volume will be built. It is important

to have carefully planned out the proposed elements on scratch paper before reaching this

stage. The elements will be built around the rotor and stator blades. The blades will appear

as voids (or holes) in the control volume. The user should select the "add element" option.

All elements must have four sides and are entered into the drawing window one comer at a

time. Within the constraints of the algorithm, the elements must be entered (by comer) in a

counterclockwise orientation. The first comer of every element, except those elements that

will contact the bottom surfaces of the rotor and stator blades, must be placed at the lower

left comer of the element. See figure 5 for clarification.

4 3

2

Figure 5: Comer orientation for specifying all spectral elements, except those
elements adjacent to the lower surfaces of the rotor/stator blades. Note that the first
comer is the lower left comer and the orientation is counterclockwise.

For those elements that contact the bottom surfaces of the blades, the first comer

entered must be the upper left comer of the element. This is due to the requirement that all

points along both the upper and lower blade surfaces must start at the upstream side of the

flow. A sample of such an element, numbered by input sequence, follows.
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1 4

2 3

Figure 6: Comer orientation for specifying those spectral elements adjacent to the
lower surfaces of the rotor/stator blades. Note that the first comer is the upper left
comer and, identical to figure 4, the orientation is counterclockwise.

The comer sequence in both diagrams is counterclockwise. If this rule is violated,

the results of the simulation will be wrong. The arrows indicate what the algorithm

considers the positive sense along each side. There are two methods for setting the comers

of the elements in the preprocessor. The comers of the elements may be positioned by

clicking the mouse at the appropriate position in the drawing window. This mode will

attach the element comer to the nearest grid line intersection. It is not appropriate when

positioning the upper and lower blade surfaces. An alternate method is to input the exact

coordinates of the comer using a numeric keypad that appears in the menu window by

clicking the mouse in that window. This second approach is essential when comers do not

conveniently lie on grid line intersections. Figure 7 depicts the first 8 elements that were

drawn. Again, all elements were input with the first comer positioned at the lower left, in a

counterclockwise direction.
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Figure 7: This is a picture of the first 8 elements of the control volume.

The user will repeatedly use the "add element" option until all 32 elements are

drawn. If an error is made, the entire element can be deleted or one comer at a time may be

relocated.

It is extremely helpful to treat the two square halves of the control volume, that

contain the rotor and the stator blades, as separate entities when constructing them. After

building the first 8 elements, elements #9 through #12 were then added to define the upper

surface of the stator blade. (See Figure 8). Note that the lower comers of these four
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elements are positioned at grid intersection points close to where the actual blade surface

will be. Elements #13 through #16 were input to define the lower surface of the stator

blade. These four elements were the only ones, out of the first 16, in which the first comer

was the upper left-hand comer of the element. The reason for this was given earlier in this

chapter. The elements around the rotor blade were put into the mesh in a similar fashion.

The number sequence in the figures is the order in which they were built.

The square that contains the stator blade is shown in Figure 8. The coordinates that

appear on the perimeter are based on the scale factors discussed earlier. Remember that

four grid blocks are equivalent to a scaled length of 0.5.

1- , ) (405, I) (0, I)

LE TE
7 12 1110 9 4

(-1,0.5)Stator (0, 0.5)

8 3
131 14 15 16

(-1,0) (-05, 0) (0,0)

Chord

Figure 8: A diagram of 16 elements surrounding the stator blade. The
coordinates are shown for reference only. The space that is not numbered is
reserved for the blade section.
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In the above diagram, the space for the stator blade is in the center of the square.

When actually building the elements around the blade, the leading and trailing edges

(LEfIE) of the foil will be at the exact positions indicated. The coordinates for the LE and

TE of the stator are, respectively, (-0.75, 0.5) and (-0.25, 0.5). Intersections of the body

surface with grid lines at the one-quarter, one-half and three-quarter chord positions for the

upper and lower blade surfaces must now be adjusted from the temporary values

previously assigned. The "modify element" option from the "build" menu will provide this

capability. The blade surfaces are defined in the preprocessor as very "rough" sketches of

what the real blade should actually look like. The actual blade section is described in

Appendix F.

The blade surfaces, as shown in the Figure 9, are, at this stage, nothing more than

four line segments that connect the LE to the TE. The end points of the line segments are

located on the actual blade surface. The curved surfaces are introduced into the simulation

code when the output of the preprocessing session is sent to the supercomputer for

solution.

A completed preprocessing control volume is shown in Figure 9. When compared

to Figure 8, note the adjustment of the element comers that touch the olade surfaces.
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Stator Rotor
.6 5 J.22 21

7 12 11 10 9 4 23 28 27 26 25 20

13 14 15 16 3 24 29 30 f31132 19

J 1 2 J 17 18 " 8

Figure 9: A completed rotor/stator control volume. At this stage, the upper and
lower blade surfaces are defined by four straight line segments that intersect at
actual points on the curved blade surfaces. Before the simulation is run, the
"curved side data" will be added to the input file.

The nondimensional lengths, L and W, for the control volume are illustrated in

Figure 10.

2L

L m
(-1, 1) (0 1)

(-1,0.5) - Stator Rotor W

(-1,0) (0,0) (1,0)

Figure 10: Nondimensional lengths for the x- and y-directions in the control
volume for the rotor/stator problem.

36



Once the user is satisfied with the elements, the "accept mesh" option must be

selected from the "build" menu alluded to above.

3.2.4 Setting the Boundary Conditions

A new menu entitled "material property" will now appear. It has two options, as

shown:

MATERIAL PROPERTY

ACCEPT CONST PROPS

SET VARIABLE PROPS

Choose the "accept const props" option. The following menu will appear:

MIDWAY BREAK

SET BCs

ABORT

At this time, the user must set the boundary conditions for the fluid flow problem.

Upon selecting "set BCs", the "boundary conditions" menu is displayed as follows:

BOUNDARY CONDITIONS

PERIODIC

WALL

VELOCITY (Fortran Function: Enter x,y components)

OUTFLOW

OUTFLOW/N

VELOCITY (LOCAL)

SYMMETRY
ZOOM

SET ENTIRE LEVEL
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Each side of each element will be highlighted in a bright color in the drawing

window of the preprocessor. The highlight indicates that the selected segment is waiting

for the user to input the desired boundary condition. This particular rotor/stator problem

uses four different boundary condition settings. The upper and lower surfaces of the stator

blade are set to "wall". Each of the eight line segments that define the stator must

individually be set to "wall". The upper and lower surfaces of the rotor blade are set to

"velocity". Again, this represents eight individual boundary condition settings. When

selecting the "velocity" option, the user is directed to a sub-menu. The "fortran function"

option must be chosen. The user must input both x and y conditions using standard

FORTRAN 77 syntax. For the rotor blade, with a velocity component in the y-direction

only, the following equations should be typed into the preprocessor:

vx=O

vy=0.1 (Note: this value must be something other than
zero. The actual value is unimportant).

When the "periodic" BC is selected for a specific side of an element, the user must

click the mouse on a second segment that is the complement of, or periodic with, the one

that was just set. The periodic BC's in this problem are located on the exterior of the

control volume. The top and bottom of the stator box are periodic, as well as the fluid flow

entrance and exit. The fluid flows from the left boundary to right boundary, and there are

an infinite number of rotor/stator pairs. All remaining BC's in the control volume are set to

"outflow", to include the top and bottom of the rotor box. The "outflow" setting indicates

that fluid flows across that particular side of the element. Figure II depicts some of the

key boundary conditions for the rotor/stator problem.
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Periodic Periodic Elemental Elemental

SWall elocity

(Stator)/ (Rotor)/

Periodic Periodic Elemental Elemental

Figure I1: Boundary conditions for the rotor/stator fluid flow analysis. All
internal edges not marked are set to "outflow" in the preprocessor, with two
exceptions. The 8 edges that make up the stator blade are set to "wall". The 8
edges that define the rotor blade are set to "velocity". Note: all outflow BC's are
changed to elemental in the test.rea file before running the simulation program.

After boundary conditions have been selected for all four sides of all 32 elements, a

new menu appears as shown below:

MODIFY B.C.

ACCEPT BOUNDARY CONDITIONS

MODIFY B.C.

SHOW B.C.

ZOOM

If the user is satisfied with the boundary conditions, the "accept boundary

conditions" option should be selected.

The final menu in the overall sequence of preprocessing events will now be

displayed. It appears as follows:
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OPTIONS

EXIT

OUTPUT

DRIVE FORCE

HISTORY

INITIAL COND

INTEGRAL QUANTITY

OBJECT

The "exit" option should be selected. The preprocessing session will end and all

input data will be saved to a file with extension .rea. In this case, the file will be called

test.rea by virtue of our response to the "session name" prompt.

3.3 Preparing to Run the Simulation

The computational fluid dynamics code, which runs under the command "sinula",

requires as input a modified version of the test.rea file that was generated by the

preprocessor, Nekton. At this point, an discussion of the test.rea file is necessary. The

first portion of the test.rea filename is test ; this was the name chosen at the beginning of

the preprocessing session. Whatever the session name, a < >.rea file will be

generated by the preprocessor upon exiting a session. The test.rea file contains all

information that was input into that specific preprocessing session. It is basically a read file

that is made up of input data.
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3.3.1 Modification of the Test.rea File

Before running the simulation, the test.rea file must be modified. The first

modification is the addition of "curved side data" in order to correctly model the curved

surfaces of the rotor and stator blades. The unmodified "curved side data" section in the

test.rea file is listed as:

***** CURVED SIDE DATA *****
0 Curved sides follow IEDGE, IEL, CURVE(I), I=1,5,CCURVE

The zero should be changed to reflect the total number of curved sides in the control

volume. For this problem, there are 16 curved sides. The number 16 represents the total

of the four curved sides that define the upper surface of the stator blade, the four curved

sides that define the lower surface of the stator blade, the four curved sides that define the

upper surface of the rotor blade, and the four curved sides that define the lower surface of

the rotor blade. An example of the modified portion of the test.rea file follows:

***** CURVED SIDE DATA *****
16 Curved sides follow IEDGE, IEL, CURVE(I), I=1,5,CCURVE
1 9 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 10 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 11 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 12 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 13 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 14 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 15 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 16 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 25 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 26 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 27 0.000000 0.000000 0.000000 0.000000 0.000000 F
1 28 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 29 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 30 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 31 0.000000 0.000000 0.000000 0.000000 0.000000 F
4 32 0.000000 0.000000 0.000000 0.000000 0.000000 F
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Starting with the third row of this section, the first column represents the element

side and the second column represents the element number. Thus, elements 9 through 16,

as shown in previous diagrams, have one side on the stator; and, elements 25 through 32

have one side on the rotor blade.

The next section of the test.rea file that requires modification is the "boundary

conditions". As a result of a successful preprocessing session, a boundary condition is

listed for each side of all the elements. For the rotor/stator mesh with 32 elements, that

represents a total of 128 boundary conditions. The boundary conditions are given in the

form of a letter. The letters and the conditions that they stand for are given below:

P Periodic

0 Outflow

W Wall

v Velocity

A partial example of an unmodified "boundary condition" section of the test.rea

file is shown on the next page.

*****BOUNDARY CONDITIONS*****
*****FLUID BOUNDARY CONDITIONS*****
P 1 1 0.000000 0.000000 0.000000 0.000000 0.000000
O 1 2 0.000000 0.000000 0.000000 0.000000 0.000000
O 1 3 0.000000 0.000000 0.000000 0.000000 0.000000
O 1 4 0.000000 0.000000 0.000000 0.000000 0.000000
P 2 1 0.000000 0.000000 0.000000 0.000000 0.000000
0 2 2 0.000000 0.000000 0.000000 0.000000 0.000000
0 2 3 0.000000 0.000000 0.000000 0.000000 0.000000
0 2 4 0.000000 0.000000 0.000000 0.000000 0.000000

v 32 4 0.000000 0.000000 0.000000 0.000000 0.000000
vx=0
vy=O. 1
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The first column is the boundary condition, the second column is the element

number, and the third column is the edge of that particular element. There may be numbers

other than "0.000000" displayed above. For the purpose of this research, they are not

relevant. Note that for those edges with a boundary condition set to "v" for velocity, the

fortran functions are listed below the row of data. There are three modifications that must

be made to the "fluid boundary conditions" section of the test.rea file. The changes are:

1. For all periodic edges, denoted by a "P", delete the last five columns of

data and input the periodic "strip" number for that edge. Strip numbers

will be discussed in change #3 below.

2. For all outflow edges, denoted by an "0", change the "0" to an "E".

The "E" represents a boundary condition setting of "elemental", and this

setting is not available in the preprocessor. This change is necessary in

order to make the test.rea file compatible with the simulation code.

3. Following the last row of data in the "fluid boundary conditions" section

of the test.rea file, the "strip data" must be entered. Strip data refers to

the four periodic strips of length "L" that were built into the control

volume. As was the case for change #2 above, this addition is driven

by the simulation code interface. Figure 12 displays the four

periodic strips of the rotor/stator problem.
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Periodic Periodic Elemental Elemental

6 5 22 21

7 12 11 10 9 4 23 28 27 26 25 20

C.

1 22 1

Periodic Periodic Elemental Elemental
---STRIP # 3---

Figure 12: The four periodic strips of the rotor/stator working environment.
These strips are added to the test.rea file after the preprocessing session.

A condensed version of a correctly modified test.rea file is shown below:

*****FLUID BOUNDARY CONDITONS*****
P 1 1 3
E 1 2 0.000000 0.000000 0.000000 0.000000 0.000000
E 1 3 0.000000 0.000000 0.000000 0.000000 0.000000E 1 4 0.000000 0.000000 0.000000 0.000000 0.000000

P 2 1 3E 2 2 0.000000 0.000000 0.000000 0.000000 0.000000
E 2 3 0.000000 0.000000 0.000000 0.000000 0.000000
E 2 4 3.0ooooo 0.oooooo 0.000000 0.oooooo 0.0ooooo

v 32 4 0.000000 0.000000 0.000000 0.000000 0.000000

vx=0
vy=0 .I

S -1. 0. -1. 1 . 1. 1.
S I. 0. 1. I. I. I.

S -1. 0. 0. 0. 1. 2.
S -1. 1 . 0. 1. 1. 2.
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From the above data, note that elements #1 and #2 both have their first (#1) edge

along periodic strip #3. Additionally, the four rows of strip data at the bottom of the "fluid

boundary conditions" are defined as follows: columns 2 and 3 are the x and y coordinates

of the beginning of the periodic strip and columns 4 and 5 are the x and y coordinates of the

end of each strip. The 6th column is the nondimensionalized length (L=1) of the strip; all

four strips have a length of 1. The 7th column represents the overall length of that side of

the control volume in which the particular strip appears.

One last item to check for in the test.rea file is the "coordinate" output switch

located near the end of the file under the section entitled "output field specification." The

switches can be set to "T" (true) or "F" (false). The "coordinate" output switch must be set

to "T".

After the modifications to the test.rea file have been made, the simulation code can

now be run. It is important that the modified version of the test.rea file is retained.
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3.4 Running the Simulation

3.4.1 The User fcns.c Code

The computational algorithm was written in "C" language. The version of the code

used in this thesis is tailored to the rotor/stator problem. The one piece of code that

requires some user familiarity is the user fcns.c file. It is user fcns.c that contains the

subroutines for defining the airfoil (rotor/stator) shapes. Several different versions of this

subroutine were tested. The original method for defining the airfoil shapes was the use of

4th order polynomials that are derived in reference [1]. These polynomials set forth the

development of the NACA series of wing sections. The NACA wing sections are formed

by combining mean lines and thickness distributions. In general, NACA airfoils are used

for the higher Reynolds number category of fluid flow analyses.

The current version of the user fcns.c code reads-in a data file that contains the x

and y coordinates of the upper and lower surfaces of the chosen foil shape. The data file

may contain a variable number of points to define the blade surfaces. The main

requirement, at this time, is that the data file, airfoil.dat, must be in the following

example format:

FX-M2 AIRFOIL DATA (up to 81 char. of nomenclature)

49 (# of points on upper surface)

0.00000 0.00000 (x and y coordinates of 1st pt.)

0.00107 0.00968 (x and y coordinates of 2nd pt.)

1.00000 0.00000 (x and y coordinates of last pt.)

49 (# of points on lower surface)

0.00000 0.00000 (x and y coordinates of 1st pt.)
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0.00107 -0.00350 (x and y coordinates of 2nd pt.)

1.00000 0.00000 (x and y coordinates of last pt.)

The section of the user [cns.c code entitled ROUTINES FOR AIRFOIL

SHAPES will automatically read-in the data file. The data file must be named airfoil.dat,

and it must be contained in the working directory with the test.rea file and the algorithm.

Within the ROUTINES FOR AIRFOIL SHAPES section of the user fcns.c code

is a static array defined as "curvedelemts [32] [4]". The 32 rows of this array represent

the 32 elements of the control volume, from #1 to #32. The 4 columns in the array are the

edges of the elements. The user must insure that all values are set to "-1" except for the

edges of those elements that make up the blade surfaces. There are a total of sixteen

elements that have one edge on a blade surface. As the mesh is currently drawn, these

sixteen elements are #9 thru #16 and #25 thru #32. (See Figure 12). To explain the edge

convention, Figures 5 and 6 have been modified and are presented together in Figure 13.

4 3 1 4

3 0

0 1 2 3

2 1
2 2 3

Upper Surfaces Lower Surfaces

Figure 13: Edge and comer orientation for the spectral elements along the
upper and lower blade surfaces. The numbers inside the elements are the edge
convention in the user fcns.c code. The numbers on the comers are the order in
which the comers are entered. Always enter the elements in a counterclockwise
direction.
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In the user_fcns.c code, the four edges are identified as 2, 1, 3, and 0. This is

the sequence in which the edges were drawn. The numbers 2, 1, 3, and 0 correspond to

the Ist, 2nd, 3rd and 4th edges, respectively. However, the four columns of the array are

set up such that the Ist column is the "0" edge, the 2nd column is the "1" edge, the 3rd

column is the "2" edge, and the 4th column is the "3" edge. The user should pay particular

attention to this convention because there is more to come. In the -explicit function of the

code, the blade surfaces are defined as follows:

i = 0 upper surface of normal foil (rotor)

i = 1 lower surface of normal foil (rotor)

i = 2 upper surface of inverted foil (stator)

i = 3 lower surface of inverted foil (stator)

In the static array defined as "curvedelemts [32] [4]", a "2" appears in the 3rd

column of elements 9 thru 12. This identifies the upper surface of the stator blade, as in

i = 2. It is in the 3rd column because that column is the number 2 edge of the element as

shown in the left-hand picture of Figure 13.

The rows of the array identifying elements 13 thru 16 have a "3" in the first

column. The "3" is distinguishes the lower surface of the stator (i = 3). It is in the 1st

column of the array because that column represents the number 0 edge of the element as

seen in the right-hand picture in Figure 13. The remainder of the array follows this logic.
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3.4.2 Compiling the Code and Running Simula

In order to dispatch the problem that was delineated in the preprocessor to the

computer, the user must compile the code--which consists of 16 separate < .c> files--

and then send in the simulation. The commands are:

andrei% make

andrei% simula test.rea 0.1 > case.log &

The first command, "make", compiles all of the code. If any problems exist with

the creation of the object or executable files, the code will fail to compile and the user will

receive appropriate error messages. Upon successful compilation, the "simula" command

is given. This is the command that actually sends the job to the supercomputer. The

makeup of this command line is very important.

(1) simula is the command to forward the problem for solution.

(2) test.rea is the file created by the preprocessor that defines the problem.
The modified version of this file is required.

(3) 0.1 is the rotor advance coefficient, referred to earlier as the

nondimensional "A" term.

(4) > case.log means that in lieu of writing a status to the screen, the

program will write the solution status to a file named "case.log".

This is extremely helpful information to have if a crash occurs.

This completes the steps for running a simulation. The focus of the remainder of

this chapter is results and postprocessing.
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3.5 Output Files

Two output files are the primary products of a successful simulation. In keeping

with the earlier convention of using test.rea as the input file, the output files will be

test.fld and test.iqt. The test.fld file contains the output dumps that occur at whatever

frequency the IOSTEP parameter was set to during the preprocessing session. As stated

previously, with a total number of time steps set at 10,000 and an IOSTEP of 1,000, the

test.fld file will have a total of 10 output data dumps. For the rotor/stator problem in this

thesis, each dump will have 807 rows of information. The first seven rows identify the

dump by time and time step. The next 800 rows are the Navier-Stokes solution data. The

number of rows (800) is determined by the number of elements (32) multiplied by the

internal grid size (5x5) of each element. Simply stated, the Navier-Stokes equation is

solved 800 times per time step. If, for example, a full period--one complete revolution of

the rotor blade--were determined to be 10,000 time steps, then the computation would take

place a total of 8 million times. The Navier-Stokes solution data is presented in the

test.fld file in a five column format, as shown below:

X-COORD Y-COORD X-VELOCFIY Y-NELCITY PRESSURE

The second output file is named test.iqt. It is developed using the results from the

test.fld file. The test.iqt file contains one row of data per time step. The six columns

represent:

TINE LEVEL Fx Fy FLOW RATE (Q) DISSIPATION ((D) K.E.

The time level begins at the first time step and is incremented by DT. The forces are

calculated in the userfcns.c portion of the algorithm. The actual calculation (Eqn 2.10)
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is performed by integrating the stress tensor around the rotor blade and by the using "Lee's

trick" [2]. The flow rate is calculated (Eqn 2.15) by integrating the x-component of

velocity across any vertical plane in the control volume. The dissipation represents losses

in the system, non-useful work or energy, or power consumption. It is calculated (Eqn

2.16) by integrating the stress tensor over the whole flow domain in both the x- and y-

directions. The kinetic energy is calculated (Eqn 4.7) by integrating one-half of the square

of the absolute value of the velocity.

The energy balance equation from chapter 2 is:

d(K.E.) p (D + 2LQ
dt W (3.1)

The K.E., the dissipation and the flow rate are taken directly from the test.iqt file.

The P, which represents useful power out, is just the product of A (the rotor advance

coefficient) and Fy. One periodic length in the y-direction is equal to W, which is set to 1.

The L represents the x-length of the rotor box or the stator box. The total control volume

has an x-length of 2L. For this problem, L=1.

3.6 Postprocessing

A postprocessing session begins very much like a preprocessing session. Upon

logging in to a remote Athena terminal, the user types the following commands in an xterm

window to enter the "andrei" system:

>> xhost andrei

>> rlogin andrei -1 (usemame)

password: (enter andrei password)
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andrei% setenv DISPLAY (hostname):O.O

From a new xterm window, the user accesses the "perq" system with the following

commands:

>> xhost +

>> telnet perq

usemame: (enter andrei usemame)

password: (enter andrei password)

perq% setenv DISPLAY (hostname):O.O

perq% cd /a/(usemame)/(directory)

perq% postx &

3.6.1 Copies & Modifications of the Test.rea and Test.fid Files

The "postx" command will initiate the postprocessing session. Before this

command is given, the user must make copies of the test.rea and test.fld files. These

copies should have new names, e.g., FXM2.rea and FXM2.fld. Any choice would be

satisfactory. The FXM2, in this case, is the airfoil nomenclature. The FXM2.rea must

be modified before beginning the postprocessing session. Two deletions must be made.

The "curved side data" section must be changed back to the way it was in the original

test.rea file--i.e., with zero curved sides shown. Also, the strip data that was added to

the "fluid boundary conditions" section must be removed. See section 3.3.1 above. These

two files, the FXM2.rea and FXM2.fld, are the only files required to conduct a

postprocessing session.
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3.6.2 Saving Output Graphics

Giving the "postx" command from the perq window, as shown above, will start the

session. In a fashion similar to the preprocessing session, three new windows will appear

on the monitor. The postprocessor will prompt the user for a session name. For this

problem, the user should input "FXM2", which is the filename prefix that was selected for

the modified test.rea and test.fld files. Postprocessing offers many options for

displaying, graphically, the Navier-Stokes solutions from the FXM2.fld file. Many

examples will be discussed in the next chapter. The graphs can be saved into an

automatically generated file named FXM2.plt by clicking the mouse on the "dump screen"

option after each graph appears.

3.7 Flow Diagram of Input/Output Files

The flowchart on the ollowing page depicts the pre- and postprocessing sequence.

All applicable information is provided in the previous sections of this chapter. This

schematic is identical to the one at the beginning of the chapter; however, section numbers

have been added to show the user where appropriate references are located in this thesis.

53



Sec 3.2
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Figure 14: Schematic of a complete pre- and postprocessing simulation with
appropriate references shown.
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Chapter 4

Results

4.1 The Test Case Parameters

Using the computational fluid dynamics algorithm developed by Anagnostou [2]

and the FXM2 airfoil as the rotor/stator blades in a 32 element mesh [see chapter 3], four

primary simulations were conducted. From this moment forward, these primary test cases

will be referred to as test 1, test2, test3 and test4. The key parameters for each test case are

listed below:
NSTEPS

per
NSTEPS DT A PERIODS PERIOD

TESTL: 30,000 0.001 0.1 3.0 10,000

TEST2: 30,000 0.001 0.05 1.5 20,000

TEST3: 12,500 0.001 0.2 2.5 5,000

TEST4: 12,500 0.002 0.1 2.5 5,000

As a reminder to the reader, these parameters were discussed in chapter 3. To

review them quickly, NSTEPS is the total number of time steps for which the Navier-

Stokes solution will be solved. The DT term is the size of the time step. The "A" term is

the rotor advance coefficient. The PERIODS column is simply the number of periods that

the simulation was run for. The period is equivalent to the distance that the rotor blade

moves in terms of one periodic length, W, in the y-direction. This term is calculated as

follows:

(NSTEPS) * (DT) * (A) = Distance that Rotor Moves = # of Periods
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The last column, NSTEPS per PERIOD, is the number of time steps in one full

period. Stated another way, this is the number of time steps it takes for the rotor blade to

travel one periodic distance W.

The Reynolds number for each test case was fixed at 1. The validation of the

algorithm is in its very early stages and, realizing an upper limit on the Reynolds number of

approximately 600, a value of 1 was chosen as a representative starting point and for

convenience of comparison with Anagnostou's work [2]. Obviously, the fluid flow in the

x-direction will be moving in a manner relative to the speed of cold molasses.

The rotor advance coefficient was selected to be the variable parameter in this

experiment. Test cases 1,2 and 3 have "A" values of 0.1, 0.05 and 0.2, respectively. Test

case 4, which is a derivative of test case 1, had an "A" of 0.1; the variable parameter was

the DT, which was doubled to 0.002. This last case was run in order to determine if the

size of the time step had any effect on the solution.

4.2 Analysis of the Output from the Test.iqt Files

The two output files--test.fld and test.iqt--discussed in section 3.5, were

successfully generated for the four test cases. The test.fld file, which contains x and y

coordinates, x and y velocities, and pressure, includes all of the data required for

postprocessing. This file is the Navier-Stokes solution to the rotor/stator problem.

The test.iqt file contains the time step, the force (x- and y-components) on the

rotor blade, the flow rate, the dissipation and the kinetic energy. These data were plotted

against time to determine periodicity of results. Reaching a steady-state condition is an

important objective of this experiment, and the test.iqt file was used as the standard for
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verifying if and when the system went to equilibrium. In a fluid flow problem that has not

reached a steady-state, drawing conclusions would be extremely presumptuous.

A graphic representation of the data in the test.iqt files for the four test cases is

presented in Appendix A. An immediate observation is that the Fx, Fy, flow rate,

dissipation and kinetic energy curves display periodicity after only one full period. One

minor deviation to this trend occurs during the first few hundred time steps. The start-up

motion of the fluid flow and the rotor blade shows effects due to the impulsive start.

However, these effects are quickly damped out. They are most pronounced in the data

from test3, in which the rotor advance coefficient is the highest of all the test cases.

The sudden peaks, especially in the Fx and Fy curves, are difficult to explain.

Hydrodynamics and turbomachinery theory do not support their existence. Additionally,

these discontinuities do not correspond to any significant event in the flowfi.id. They

could possibly be attributed to problems at element interfaces or to problems accounting for

the motion of the sixteen elements surrounding the rotor blade. These elements must wrap

around in the y-direction during the rotation of the rotor blade. The sliding mesh concept

may be causing inaccuracies.

The velocity and pressure terms computed during the Navier-Stokes solution are

used in the force calculations. There exists a high degree of confidence in the velocity and

pressure data based on postprocessing observations. Unfortunately, this confidence does

not carry over into the force terms. In addition to the unexplainable spikes in the lift and

drag curves, the Fy term was first thought to have a sign problem. This became apparent

during an attempt to satisfy the energy balance equation. Another potential problem is that

the magnitude of the dissipation appears too large in proportion to the flow rate. However,

a check of the calculation of dissipation in the code shows that it is correct.
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A very important assumption, with far reaching consequences, was made with

respect to the output data contained in the test.iqt files. The flow rate, dissipation and

kinetic energy were accepted as being correct. Both the x- and y-components of the force

on the rotor blade were disregarded. Using the energy balance equation for the rotor/stator

problem, the force in the y-direction on the rotor blade was solved for. Note that the

quantities are in nondimensional form. The energy balance equation is [21:

d(K.E.) p_ D + 2LQ
dt W - (4.1)

The P term is the useful power out of the system due to the lifting force on the rotor

blade. P is represented by the following equation [2]:

P =A- ((F. j)ds

=Aotor 
(4.2)

or, simply stated, P = A • Fy. (4.3)

Integrating the energy balance equation over a full period, we have:

(t+T E Ift+T
TJ dt T = (AFyCID+ Q dt

T ft dt Tt W(4.4)

and, solving for an average Fy over that period:

A " -'ZQ]. (4.5)
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The derivative of K.E. with respect to time is essentially zero. The results of this

calculation, in nondimensional quantities, follow:

Q K.E. Fy A
TEST2: 0.0968 0.1970 0.0113 - 0.068 0.05

TESTI: 0.0971 0.2196 0.0141 -0.254 0.1

TEST4: 0.1004 0.2233 0.0145 - 0.225 0.1

TEST3: 0.0978 0.3089 0.0249 - 1.133 0.2

Note that the tests are listed in order of increasing rotor speed. The graph in Figure

15 illustrates the trends in the first three output quantities with respect to an increasing "A"

value.

Q, Dissip, & K.E. vs A
0.4

i 010 .3 .............. t .............. .............. .............. ............... ............... .............. ........ . ............... ..............

1 E netiscipati

• o 3 .............. .............. .............. ............... .............. .............. ............. . .............. t .............

o.2 ....................................... 
.........

........ ..... i............... ............... ...................... ..... . .. ............ ... .............. ....... ..............
0 . .. .... ........... ... .. ..... .. .... ..

O l .......... .... .. . .... .- - ... ....

.............. i....... ........ ................................ ................ .. ............... .. .. .. .. ........ ...... ..............

0.0 1
0.00 0.05 0.10 0.15 0.20 0.25A

Figure 15: A graph of dissipation, flow rate and kinetic energy as a function of
the rotor advance coefficient, "A". The three values for "A" in test cases 1,2 and 3
are 0.05, 0. 10 and 0.20, respectively. The small triangle points at A=0. 1 represent
the data from test case 4, in which the DT was doubled to 0.002.
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The flow rate, Q, is approximately constant because the flow is quasi-static. The

flow rate was also checked in the postprocessing session. A vertical (y-direction) cut was

taken through the control volume and the x-component of velocity was plotted as a profile

plot. The area under the Vx curve was computed and the value was equal to the flow rate

in the test.iqt file. This is in perfect agreement with the flow rate definition given in chapter

2 [2]:

w

Q= u(x = 0,y)dy

Jow (4.6)

The dissipation clearly increases with an increase in rotor speed. From A--0.05 to

A--0.1, the average dissipation rose by 11%; from A=1.0 to A=2.0, the dissipation rose by

41%. The dissipation, which consists of losses in the form of non-useful work and power

consumption, can also be described as thermodynamic losses due to the viscosity of the

fluid. With the increase in rotor advance coefficient, the viscous effects of the fluid are

magnified and more energy is dissipated within the fluid.

The graph in Figure 16 is a plot of natural log of the velocity versus the natural log

of the dissipation. The slope of the curve, which is approximately 0.64, gives the order of

the relationship between the two variables. The velocity was calculated using a relationship

derived from the velocity triangle of the flow.

V2 + A2 (4.7)
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In (Velocity) vs In (Dissipation)
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Figure 16: Plot of the natural log the of velocity versus the natural log of the
dissipation.

The kinetic energy of the system, although not readily apparent from the above

graph, advances in a manner similar to the dissipation. Figure 17 is another plot of A

versus K.E., but with a revised scale on the ordinate.
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Figure 17: A graph of the the rotor advance coefficient, "A", versus the kinetic
energy. The ordinate scale was magnified to show the nonlinear behavior of K.E.
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From A=0.05 to A=O.1, the average kinetic energy of the fluid increased by 25%;

from A--O.1 to A=0.2, the kinetic energy increased by 77%. Kinetic energy in the

algorithm is defined as [2]:

K.E= jL 2(4.8)

From this definition, the kinetic energy in the test.iqt files should behave as the

[Velocity] 2.

The graph in Figure 18 is a plot of the natural log of the velocity versus the natural

log of the kinetic energy. The slope of the curve, which is approximately 1.12, gives the

order of the relationship between the two variables.

In (Velocity) vs In (K.E.)
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Figure 18: Plot of the natural log of the velocity versus the natural log of the
kinetic energy. The velocity was calculated in the same manner as in Figure 16.
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The graph in Figure 19 shows the relationship of the "calculated" force in the y-

direction on the rotor blade as a function of the rotor advance coefficient.

A vs Fy0.0E "
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Figure 19: A graph of the lifting force on the rotor blade as a function of the rotor
advance coefficient, "A".

The force on the rotor blade in the y-direction is the lifting force. The results, with

respect to turbomachinery, optimally should have shown a positive lifting force. Although

the average force is negative in all of the test cases, the data follows a noticeable pattern.

Assuming that the energy balance equation, the flow rate, the dissipation and the kinetic

energy are all correct, then this version of Fy is correct. The changes in magnitude in Fy,

with respect to increasing A, are 275% and 350% of the previous value, respectively.

What does this data tell us about the rotor/stator problem? Instead of the fluid pushing the

rotor blade, the rotor blade is actually plowing through the fluid. The trend in Fy goes as

expected.* As will be discussed in section 4.3.3 on streamlines, a rotor advance

coefficient of 0.05 was plausible. Under the conditions of this experiment, an "A" of some

value slightly less than 0.05 is necessary to produce positive lifting force.

* This is consistent with the fact that for a Reynolds number of I you would not expect
any aerodynamic lift.
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4.3 Analysis of the Output from the Test.fld Files

As stated earlier, the test.fld file contains x and y coordinates, x and y velocities,

and pressure. This file represents the Navier-Stokes solution to the rotor/stator problem.

It is organized such that the 5x5 grid within each element generates 25 solutions per

element per time step. This file includes all of the output data required for postprocessing.

The input data for postprocessing is contained in the test.rea file. Refer to chapter 3 for a

more detailed explanation of these files, for information on file modifications and for

instructions on postprocessing.

For this thesis, three primary postprocessing plot formats were utilized. The plot

formats were:

1. Divergence Plots: Profile plots of the divergence in the control volume

were obtained at the leading edge, mid-chord and trailing edge of the

rotor blade. A vertical slice was taken at each of these three locations. Also,

a random sampling of divergence contour plots was taken at various time

steps in the problem.

2. Vorticity Plot: Profile plots of the vorticity in the fluid were taken along

the thirteen vertical lines highlighted in Figure 20.

65 j2 21

7 12 11 9 4 23 28 27 26 25 20

8 13 114 15 16 3 24 29 30 31 32 19

Figure 20: Rotor/stator control volume with the thirteen vertical lines in
bold highlight. These lines represent the locations across which the profile
plots were generated.
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2. (cont.) Additionally, the vorticity was plotted as contour lines--to illustrate the

overall vorticity throughout the control volume--and as fishnet grids--to show
the curved blade surfaces that should appear in all postprocessing graphics.

3. Streamlines: Several streamlines were plotted at various locations in the

control volume. The emphasis on plotting streamlines was directed at

tracking the wake effects from the stator blade onto the rotor blade.

A variety of time steps were selected for the plots discussed above. Time steps that

occurred near important events in the rotor/stator interaction were emphasized. With the

knowledge that the flowfield became periodic during the first period, the following time

steps were selected as being illustrative of the flow:

For test2 (with A=0.05 and 20,000 time steps per period):

6,000 , 8,000, 10,000, 16,000, 18,000 , 20,000 , & 28,000.

For test 1 (with A=0.10 and 10,000 time steps per period):

3,000 , 4,000 , 5,000 , 8,000 , 9,000, 10,000 , & 19,000.

For test3 (with A--0.20 and 5,000 time steps per period):

1,000 , 2,000 , 3,000 , 4,000 , 5,000 , & 9,000.

Significant jumps in the test.iqt data (see Appendix A) occurred at the half and

full period junctures in the rotation of the rotor blade. As a result, the time steps in the

vicinity of these jumps were chosen for postprocessing analysis. Additionally, data taken

at the full period position of the flow developm-ant, when the rotor blade is passing the

stator blade, is always of interest. Another consideration in the selection of the above time

steps was the observation of the wake effects from the stator onto the rotor.
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4.3.1 Divergence in the Flowfield

The divergence of a fluid in motion is a measure of how rapidly streamlines move

away from each other. For a uniform, incompressible fluid, the continuity equation states

that the divergence is zero everywhere. The continuity equation, for compressible and

incompressible fluids, is:

Dp +P (V V) =0

Dt (4.9)

In an incompressible fluid, the density, P, cannot change. As a result, the

continuity equation becomes:
V.V = 0 (4.10)

From conservation of mass, fluid cannot be created or destroyed. If divergence

exists, other fluid moves in to fill the void from the streamlines moving away from each

other. This becomes a useful check on the numerics.

The rotor/stator configuration exists in an incompressible medium. The profile and

contour plots validate the premise that the fluid is indeed incompressible. The divergence is

zero virtually everywhere in the flowfield, with several minor exceptions. These

exceptions exist primarily at the leading and trailing edges of the rotor and stator blades,

and at interfaces between elements. The non-zero values for divergence can best be

attributed to grid distortion and poor selection of element comers--angles that are too close

to zero or 1800. One visible trend in the non-zero divergence values is an increase in

magnitude with increasing rotor advance coefficients. The higher speeds infer greater

distortion. Additionally, the divergence is exactly periodic. See Appendix B for

examples of divergence plots.

66



4.3.2 Vorticity in the Flowfield

The vorticity is a measure of the rotation of the flow; it is calculated from the

angular velocity of a fluid element about its center of mass. The generation of lift by

airfoils requires rotational flow. In the rotor/stator problem, the flow is definitely rotational

in nature. Vorticity, which is the curl of the velocity, is defined as:

V×V=Co (4.11)

Overall, the output plots of vorticity in the flowfield look correct. The orientation

of the stator blade drives the flow at a faster rate along its lower surface. This phenomenon

is caused by the Venturi effect, which results in the compression of streamlines as the flow

rounds the lower surface. The same effect occurs along the upper surface of the rotor

blade.

A very strong affirmation of the algorithm, with respect to the computation of

vorticity, was achieved by running a simulation without a rotor blade. The results of the

"stator only" problem, as provided in Appendix E, clearly show zero vorticity in the

entire half of the control volume that previously contained the rotor blade. The algorithm

reflects the physics of fluid flow. Without a rotor blade to impose circulation, vorticity

does not exist. Note that vorticity exists only in the stator side of the control volume.

The vorticity plots support sound hydrodynamic theory. For all of the test cases, a

dominant trend in the vorticity data is that the vorticity is positive along the lower surface of

the blade sections and negative along the upper surface. With velocity increasing in an

outward direction moving away from the both the upper and lower blade surfaces, the

right-hand rule applied to the velocity vectors confirms the presence of negative and

positive vorticity, respectively. Figure 21 illustrates this concept.
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Figure 21: The velocity of the flow in the immediate vicinity of the blade
surfaces. Applying the right-hand rule to the velocity vectors determines the
vorticity sign convention. On the upper surface, the right-hand rule dictates that the
vorticity is negative; on the lower surface, it is positive.

The vorticity plots (see Appendix C) show consistency of results whether one full

period has elapsed or whether the flow is less than 20% developed. Overall, the vorticity

does not display a dependence on time. This observation would not be valid in the first

few time steps of the problem when the ' )w is being "jump-started". Additionally, the

magnitude of the vorticity increases with an increase in the rotor advance coefficient.

4.3.3 Streamlines

The streamline is an imaginary curve in the fluid across which there is no flow.

The velocity of every fluid particle along the streamline is tangential to that streamline. Put

another way, streamlines are conceptual curves in the fluid region that are everywhere
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tangent to the velocity vector. Several factors drive the movement of fluid particles. In the

rotor/stator problem, the fluid is defined as being viscous. Viscosity and the no-slip

boundary condition along the blade surfaces give rise to a velocity gradient, as depicted in

figure 15, and to shear stresses. In the algorithm, the fluid flow is a result of the forces

brought about by a pressure gradient (see chapter 2). The motion of the fluid particles is

controlled by inertia and by the shear stresses in the surrounding fluid [5].

The streamlines (see Appendix D) in the rotor/stator environment behave as

expected. The changing slopes of the streamlines relate to physical events in the flow. One

important area of focus is the fluid velocity triangle as it relates to the slope of the

streamlines. As stated earlier, a separate test was conducted with only a stator blade in the

control volume and no rotor blade. The streamlines for this problem have a very small

positive slope. Figure 22 displays this concept.

"Stator Only"
Angle less Streamline N*

Velocity "Seen'"
by Rotor

Figure 22: Velocity triangle illustrating the slope of a streamline from the "stator
only" problem. Letting the x-velocity equal 1 and measuring the angle of attack
as less than 50, it is apparent that the natural rotor advance coefficient, "A", should
be less than 0.05. (The angle of the streamline has been exaggerated for
visualization purposes).

The above drawing of a streamline from the output data of the "stator only" problem

shows that the natural rotor advance coefficient is less than 0.05. The test cases in this

thesis were run at "A" values of 0.05, 0.10 and 0.20. Running the rotor/stator simulation
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at "A" values higher than the natural value supports the data showing a negative Fy on the

rotor blade. This is a very important justification. See Appendix E for results of the

"stator only" problem.
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Chapter 5

Future Work

The test cases that were used to analyze rotor/stator interactions in a hydroturbine

were limited in scope. The Reynolds number of I represents a flowfield with a very low

velocity and does not come close to representing the flow in an actual turbomachine that has

Reynolds numbers on the order of 105 or higher. Such a low Reynolds number is not of

much value experimentally. A subsequent simulation with a Reynolds number of 100 and

a rotor advance coefficient of 0.1 was tested. The conjugate gradient in the solver failed to

converge after completing 85% of the first period. This is not a fundamental flaw in the

algorithm. It is most likely attributed to a "bug" in the code.

The integral quantities presented in section 4.2--"analysis of the output from the

test.iqt files"--have discontinuities that generate a lack of trust in certain portions of the

output data. (See Appendix A). It is clear that the "rolling over" of the grid on the rotor

side of the control volume has a negative impact on the results. The pressure and velocity

quantities from the test.fld files appear highly accurate and rate a high degree of

confidence.

The geometric angle of attack for the stator and rotor blades in the simulations was

zero. Ideally, the foils should have had some angle of attack to take maximum advantage

of the velocity field as depicted by the streamlines exiting the trailing edge of the stator and

moving into the rotor. With the current status of the code, building a mesh with angles of

attack on the foils was limited by the higher number of elements required. The ideal mesh

would have a movable circle built around the rotor and stator blades. The circle would

allow rotation of all elements, to include the foils, on the inside of the circle. The
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nonconforming spectral element discretization method used in the algorithm would permit

this rotating element concept.

The elements around the blades should have much greater definition, with special

emphasis on those elements in the vicinity of the leading edges which are subject to have

angles approaching zero due to the curvature of the blade. Figure 23 illustrates the movable

circle concept and the enhanced definition of the elements near the blade surfaces.

45 Element Mesh

Figure 23: This is an example of a well-defined single blade control volume.
Note the excellent definition of the elements around the leading and trailing edges of
the foil section. Ideally, all of the elements inside of the circle would rotate to allow
angles of attack to be introduced into the problem.
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Appendix A

Test.iqt Plots

The test.iqt file is a simulation output file. It contains the time step, the force (x-

and y-components) on the rotor blade, the flow rate, the dissipation and the kinetic energy.

Observations and discussion of this output data are provided in detail in sections 3.5 and

4.2. As a quick reminder, the key parameters that distinguish the four test cases are:

NSTEPS
per

NSTEPS DI A PERIODS PERIOD

TESTi: 30,000 0.001 0.1 3.0 10,000

TEST2: 30,000 0.001 0.05 1.5 20,000

TEST3: 12,500 0.001 0.2 2.5 5,000

TEST4: 12,500 0.002 0.1 2.5 5,000

The output data from the test.iqt files for all four tests were plotted against time to

determine periodicity of results. As the four graphs in this appendix show, steady-state

was achieved after only one full period. This would not have been the case for Reynolds

numbers substantially greater than 1.
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Data from Test 1
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Data from Test2
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Data from Test3
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Data from Test4
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Appendix B

Divergence Plots

The rotor/stator configuration exists in an incompressible medium and should

therefore have zero divergence everywhere. The postprocessing plots, built from the

test.rea and test.fld files, reflect zero divergence virtually everywhere, with several

minor exceptions. As discussed in section 4.3.1, the non-zero values for divergence can

best be attributed to grid distortion and poor selection of elements at the leading and trailing

edges of the blades. The graphs in this appendix show examples of the divergence in the

flowfield, both as profile plots and as contour lines. The contour plots provide results for

the entire control volume, while the profile plots represent data along a vertical slice of the

control volume at a specified x-location. Note that each graph is annotated to indicate the

particular test case and the time step at which the output data was taken from the test.fld

file. For postprocessing purposes, the test cases (1 thru 4) are designated as:

FXM2_01, FXM2_02, FXM2_03, FXM2_04

Section 4.3 explains the divergence plots, the vorticity plots and the streamlines.

Additionally, it provides a discussion of the rationale for selecting the specific time steps at

which plots were made.
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Appendix C

Vorticity Plots

The rotational nature of the flow around the rotor/stator pair is illustrated by both

contour and profile plots. The graphs that follow are samples of the vorticity plots. The

trends in vorticity are discussed in detail in section 4.3.2. Similar to the divergence plots,

the graphs are annotated with the test case, the time step, and the upper and lower bounds

of the magnitude of the vorticity at that particular time. Also included is a fishnet grid plot

of the vorticity. It is provided to illustrate the curved surfaces of the blades. Due to "bug"

in the postprocessor, the curved surfaces are not being plotted in the contour views as

expected.

88



II

II

05 ii~

89



c~>4

A

CC

>

90



ii I!

If

10

91



C000

C44

00

C.4

92



ddooooooooc

CIN:
C"S4

zi f I II I II I IIixi\

93



(.94



0w
00 Us0000 csc

cs

95



Appendix D

Streamline Plots

Streamlines were plotted at various times and locations throughout the control

volume to track the wake effects from the stator onto the rotor. A full discussion of

streamlines is provided in section 4.3.3.
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Appendix E

"Stator Only" Problem

The "stator only" problem was simulated to conduct a check of the vorticity in the

other test cases. It was run in a manner similar to the first 4 test cases, except that the rotor

blade was removed. The results were very positive, with zero vorticity in that half of the

control volume that contained no rotor blade. As an additional bonus, the results of the

"stator only" problem proved to be extremely beneficial when validating the negative lifting

force on the rotor blade in the rotor/stator problem. The streamlines from the "stator only"

problem show that the natural rotor advance coefficient should be less than 0.05 in order to

generate positive lift for the given conditions. See section 4.3.3 for a complete discussion

of this topic. The graphs that follow in this appendix, in order, are:

* test.iqt data

* contour plot of vorticity

" two sets of streamlines

" and, a contour plot of the pressure.
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Appendix F

Blade Section
(FXM2 Airfoil)

The FXM2 airfoil shape was selected from reference [15], A Catalog of Low

Reynolds Number Airfoil Data for Wind Turbine Applications. The low Reynolds

numbers referred to in this reference are on the order of 104. For comparative purposes,

the Reynolds number of I used in the test cases is far below any real world applications.

The FXM2 airfoil shape is plotted below.

"FXM2" FOIL SHAPE
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